This paper deals with spatially resolved force spectroscopy applied to the imaging of the electrical double layer ͑EDL͒ force. It is focused on an important point that has not been elucidated yet, the resolution that can be achieved. For this purpose, single plasmid DNA molecules have been studied with an atomic force microscope operated in the force spectroscopy imaging mode. With this approach, important quantities deduced from the force spectra can be simultaneously mapped along with the topography image. Single DNA molecules have been probed obtaining a lateral resolution in the EDL force similar to that of the topography. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2981688͔ Atomic force microscopy ͑AFM͒ has proved to be a useful technique in imaging biological molecules in liquid environment with subnanometer resolution.
Charged surfaces in the presence of electrolyte solutions develop an electrical double layer ͑EDL͒ force. 3 This force originated from the overlapping of the diffuse ion layers around the surfaces. In AFM, tip and substrate can be approximated by a sphere interacting with a planar surface, and the EDL force is given by 4 F EDL ͑d͒ = 4 s t R D e
where R is the tip radius, d is the tip-sample distance, t and s are the tip and sample surface charge densities, respectively, and D is the characteristic decay length of F EDL , also known as the Debye length. From Eq. ͑1͒ it follows that the EDL force is related to the sample surface charge density.
A powerful method is to combine AFM with spatially resolved force spectroscopy. Force spectroscopy imaging ͑FSI͒ ͑Ref. 5͒ involves acquiring a force-distance curve at each pixel of a simultaneously acquired AFM topography image. The same idea of force curve images was reported by other authors. 6, 7 The interesting point about these images is that important properties of the sample, such as elasticity, adhesion, or electrostatic forces, can be laterally resolved. One of the major limitations of FSI and similar operation modes is the low lateral resolution. This has been attributed to the long acquisition time, which enhances thermal drift effects. Indeed, only a few works focus on systems in the nanometer range. 6, 8 A higher number deal with systems in the micrometer range, including those where EDL interaction forces have been studied. [9] [10] [11] The aim of this work is to study the resolution limits of the EDL force as measured by AFM to image biological molecules. For that purpose, we have chosen a double stranded DNA molecule of 2 nm diameter. We show that the molecule is resolved in the EDL force.
The system of study consisted in single isolated 2686bp pUC19 plasmid DNA molecules ͑Sigma-Aldrich, Tres Cantos, Spain͒ deposited on a mica surface ͑Electron Microscopy Sciences, Hatfield PA͒ coated with polylysine ͑PL͒ ͑Sigma-Aldrich, Tres Cantos, Spain͒. For sample preparation, a 10 l PL solution was pipetted on a freshly cleaved mica sheet. After incubation for 30 s, the mica was rinsed with 10 ml of milliQ water and dried in a nitrogen stream. Then, the PL-coated mica surface was incubated in a 5 g / ml DNA solution for 1 min and rinsed with phosphate buffer, not allowing it to dry at any moment. Experiments were done in phosphate buffer 10 mM pH 7, consisting of a 0.056% monosodium phosphate ͑Electron Microscopy Sciences, Hatfield PA͒ and 0.155% disodium phosphate ͑Elec-tron Microscopy Sciences, Hatfield PA͒ in weight solution in milliQ water. In these conditions, PL confers a net positive charge to the surface, which is necessary to fix the negatively charged DNA molecules. The sample was probed with a silicon nitride tip ͑MLCT-AUMT-A, Veeco Probes, Camarillo CA͒ with a nominal force constant given by the manufacturer of 30 pN/nm. Silicon nitride, at neutral pH, develops a net negative surface charge. Following Eq. ͑1͒ an attractive EDL force is expected for a Si 3 N 4 tip approaching a PL surface, while the DNA molecule is expected to be repulsive.
In order to probe the EDL on top of a DNA strand, it is necessary to operate the AFM in the FSI mode. This has been done with a commercial AFM ͑Nanotec S. L., Tres Cantos, Spain͒ controlled with the WSXM software. 12 In this case, FSI is implemented in a different way, as a software method running in the digital signal processor memory. It works by performing a force curve at each point of the scanned surface. At maximum tip-sample separation, the cantilever deflection corresponding to zero force is measured. Then, the sample is approached toward the tip. During this jump, the deflection signal is sampled at defined distance intervals. At the point of minimum separation, a feedback loop is closed typically for a few milliseconds. In the present application, the feedback channel has been the cantilever deflection although other signals could be used. With the feedback loop closed, the sample vertical position is adjusted so that the increment of the cantilever deflection with respect to its zeroforce value approaches a defined set value. During this time interval, the average sample vertical position is stored as the height value for the corresponding surface point. Then, the feedback loop is opened and the sample separated from the tip for a given distance, sampling again the cantilever deflection. Finally, lateral movement is done at the point of furthest separation, avoiding lateral forces, and the cycle starts again. For each surface point, the height and the sampled deflection values during approach and retraction are transmitted to the control computer.
In Fig. 1͑a͒ the topography of a DNA molecule, obtained by operating the AFM in the FSI mode, is shown. The FSI file consists of 128ϫ 128 array of force curves, taken at lateral intervals of 3 nm. Force curves consist of 170 deflection values sampled at vertical intervals of 0.4 nm. Pixel acquisition frequency was 40 Hz ͑less than 7 min for an image͒. The scanning rate was limited by the hydrodynamic drag. As for higher speeds, the drag force approaches the EDL value. The molecule shown has a height mean value of ϳ1 nm, smaller than the nominal of 2 nm as it is commonly observed in the AFM. 13 The molecule mean width at half-height is 10 nm, which can be explained by tip dilation effects. From this, we conclude that we have resolved a single plasmid DNA molecule with a resolution comparable to that obtained by other operation modes. 14 Two individual representative force scans of the FSI mode are shown in Fig. 1͑b͒ . The black line ͑attractive͒ corresponds to the tip placed on top of the PL-coated mica surface ͓point A in Fig. 1͑a͔͒ , whereas the gray line ͑repul-sive͒ has been taken on top of DNA ͑point B͒. The experimentally obtained curves of force versus z-piezo displacement have been transformed into the more physically meaningful force versus tip-sample distance. 15 Since tip size is bigger than DNA, when scanning the molecule the tip is probing both substrate and DNA. This induces a topographical effect that has to be considered. We have qualitatively addressed this problem by shifting the contact point of the curves by the corresponding height value of the topography image. This allows a direct comparison of force values at given distances from the PL surface plane. This data processing has been already applied to the curves of Fig. 1͑b͒ . On top of the PL surface, a long-range attractive force extends to distances as far as 10 nm. On the other hand, the force curve on top of the DNA molecule exhibits a repulsive behavior that extends to similar distances. The EDL nature of the interaction is evident from the exponential dependence of the force. D values are in agreement with those reported for similar ion concentrations. 4 The aim of FSI is to represent the images of important sample properties, in this case, the EDL force and perhaps the surface charge density. For that, we need to process the force curves that compose the FSI file. The display of data such as those in Fig. 1͑b͒ for all the points of the map is not an easy task. Even though most commercial AFM setups integrate FSI or similar operation modes, data evaluation has not been standardized. An interesting study is to fit the experimental force curves to some analytic expression. However, due to the complicated geometry of our system, this is out of the scope of the present paper. A fast evaluation of FSI files is to represent isodistance maps. It consists of representing the normal force exerted on the cantilever for a given distance from a base plane. For this purpose, it is necessary to obtain the force versus tip-sample distance representation corrected from height for all the curves as commented above. Figures 1͑c͒ and 1͑d͒ are examples of isodistance maps obtained from the same FSI file as the topography shown in Fig. 1͑a͒ , for distances of 3 and 6 nm, respectively. A net repulsive force is clearly observed on top of the molecule for separations from the surface as far as 6 nm, while on top of the PL surface this force is attractive at the same distance. This behavior is homogeneous and reproducible along the whole DNA molecule. It is also remarkable how the resolution of the isodistance maps is improved at lower tipsample distances, which agrees with the exponential decay of the force law. Linear regions of the chain are also clearly resolved.
Another easy way to visualize FSI data is to represent a FSI profile, 6, 16 i.e., a set of force curves recorded while the AFM tip was scanned laterally across a region where a DNA molecule is adsorbed to PL ͑Fig. 2͒. In the profile, the three curves in the middle coincide with the positions on top of the DNA strand reaching the maximum repulsive behavior in the middle of the strand. The attractive to repulsive change in the EDL force is also clearly observed, Equation ͑1͒ is usually employed to analyze double layer measurements by AFM. In our case, however, the presence of the DNA molecule has to be taken into account. It represents a surface inhomogeneity, both in topography and surface charge, smaller than the tip. In spite of that, it is interesting to observe that the force dependence remains exponential, with an attractive behavior on top of the PL surface and repulsive on top of the DNA. From Eq. ͑1͒ this effect cannot be attributed to a modification in tip-sample distance or in the decay length, as this would only influence the magnitude of the attractive force. The repulsive behavior has to be attributed to the negative surface charge of DNA, although further theoretical studies are needed to extract quantitative values. In summary, we have shown that, by operating the AFM in the FSI mode, DNA molecules are resolved in EDL force images.
